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ABSTRACT
Performance Loss Rate and Temperature Modeling in Predictive Energy Yield Programs for
Utility-Scale Solar Power Plants
Katelynn Dinius

The Gold Tree Solar Farm, designed by REC Solar, has a rated output power of 4.5 MW
and began operation in 2018 to provide electricity to Cal Poly’s campus. Gold Tree Solar Farm site
terrain consists of rolling hills and uneven slopes. The uneven typography results in interrow
shading, requiring a modified tracking control algorithm to maximize power production. Predicting
a utility solar field’s lifetime energy yield is a critical step in assessing project feasibility and
calculating project revenue. The MATLAB-based predictive power model developed for this field
overpredicted power in the middle of the day. The purpose of this thesis was to develop a point-intime power routine to run through experimental data collected from the Gold Tree Solar Farm and
compare different cell temperature and degradation models in an effort to correct this
overprediction. Increasing cell temperature reduces power output of a solar panel, and an objective
of this analysis was to find a model that accurately predicted cell temperature to calculate this loss.
Seven cell temperature models were adjusted to fit the specifications of the Gold Tree Solar Farm
and compared to thermocouple measurements from the field. Frequent partial shading, which
results in thermal cycling, contributes to accelerated module degradation and power loss. Yearly
and seasonal plant degradation rates driven by environmental factors such as temperature, UV
radiation, and relative humidity were calculated and integrated into the predictive power model.

Keywords: Photovoltaic, solar, optimization, partial shading, degradation, soiling, cell temperature,
backtracking, energy, power, diode
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Chapter 1
INTRODUCTION
1.1 Background
In 2018, California passed the 100 Percent Clean Energy Act (Senate Bill 100), which
increases California’s Renewables Portfolio Standard to 60% by the end of 2030 [1]. In 2020, solar
photovoltaics (PVs) were responsible for more than 15% of the state’s energy and generated more
than 29,000 gigawatt-hours (GWh) [2]. With a 60% renewable energy portfolio by 2030, solar PV
energy production is estimated to reach 77,000 GWh. This estimation will increase if solar PV
continues to be economically competitive with other renewable sources. The energy industry
quantifies energy generation economic feasibility with levelized cost of energy (LCOE), which is
the present value of the total cost of building and operating a power plant over its lifetime divided
by the energy production of the plant [3]. The predicted average levelized cost of energy for solar
tracking shown in Figure 1.1 is between $20 and $30 per megawatt-hours (MWh), which is
considerably lower than other renewable energy sources like hydrogen fuel cells, biomass, and
geothermal. It is also better than wind but to a lower extent.

Figure 1.1 Predicted 2027 to 2045 levelized cost of energy of average energy
technologies. CF is the capacity factor or how long the power plant is in operation
during the day [1].
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Other states are expected to follow similar renewable energy demand trends and construct utility
solar PV farms in locations that provide adequate solar energy resources.
Predicting a utility solar field’s lifetime energy yield is a critical step in assessing project
feasibility and calculating project revenue [4]. Financers of these projects require energy yield
estimates derived from site data and panel specifications before acquiring permits and licensing
[5]. Utility-scale solar farm developers usually procure flat sites with sufficient area for panel
installation or sites with consistent south-facing slopes. However, these types of sites are not
always available in locations that might otherwise be ideal solar energy resources. In the case of
the Gold Tree Solar Farm shown in Figure 1.2, site terrain consists of rolling hills and uneven
slopes.

Figure 1.2 Cal Poly’s 4.5-megawatt (MW) Gold Tree Solar Farm.
The uneven typography results in interrow shading, requiring a modified backtracking
control algorithm to maximize power production. Backtracking is a position control program used
to minimize the interrow partial shading. An example of backtracking is shown in Figure 1.3. There
is a balance between reducing partial shading and maximizing the plane of array (POA) irradiance.
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Figure 1.3 Backtracking of Zone Z1 at the Gold Tree Solar Farm. The actual
position is shown in degrees. The tracker begins at 𝟎° in a horizontal position and
tracks back towards the east to reduce interrow shading while the sun rises. At
about 9:00 AM, the tracker follows the sun and the POA irradiance is maximized.
The tracker backtracks again in the afternoon to reduce partial shading when the
sun is setting.
One of the most popular PV system design software packages used in industry is PVsyst.
PVsyst offers an extensive data library, including modules, inverters, batteries, generators,
controllers, etc., to help PV designers model their layout, predict energy yield, size various
components, and optimize their system [6]. PVsyst applies backtracking to a tilted axis
configuration as long as there is no misalignment between the arrays [7]. This presents a major
problem for utility solar PV fields that were designed and constructed on uneven terrain like the
Gold Tree Solar Farm.
An important step of predicting energy production is accurately accounting for and
modeling the losses a utility PV solar power plant might experience. In this thesis, losses resulting
from soiling, shading, incident angle, module temperature, module quality, degradation, maximum
power point (MPPT) tracking, and cable losses are included in the overall model and verified
through experimentation. Inverter conversion losses from direct current (DC) to alternating current
(AC) and all losses past the inverter (e.g., transformer performance, AC cable losses, or local
transmission/distribution network equipment) are not included in the analysis because the power
generation model is compared to field measurements taken on the DC side of the inverters.
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Uncertainty of prediction software available in industry is between 2% and 3% [4].
Probability-based energy yields (e.g., P10, P50, and P90) are used to express the upper and lower
bounds of the predicted power and determine the economic value of an energy-generating facility
[5].
1.2 Objective
The objectives of this thesis are to (1) modify the power subroutine from previous iterations
and validate the models used through laboratory and field experimentation at the Gold Tree Solar
Farm; (2) accurately model temperature, degradation, and soiling losses; and (3) compare results
from the power subroutine before and after modifications.
1.3 Limitations and Constraints
There will be some uncertainty with the measurements taken in the field that include shade
profile, irradiance, cell and ambient temperature, and power readings from the inverter. It is hard to
collect point-in-time data when the sun is moving, wind is influencing panel temperature, or the
tracker angle changes abruptly. For these reasons, the power values produced from the point-intime power routine model will have small errors compared to the measured values.
Another limitation is accurately representing soiling losses for the field. Soiling can change
on a regular basis, especially with changes in weather or if the field is cleaned. Addressing this
issue is discussed in Chapter 7.
1.4 Previous Work
Over the last two years, there have been two master’s theses generated by the research
group that focused on power modeling and optimization of the Gold Tree Solar Farm. The first
thesis written by Byungyu Kim and titled, “Solar Energy Generation Forecasting and Power Output
Optimization of Utility Scale Solar Field,” presented a MATLAB-based predictive model designed
to address partial shading issues [8]. The second thesis written by Logan Smith and titled, “Power
Output Modeling and Optimization for a Single Axis Tracking Solar Farm on Skewed Topography
Causing Extensive Shading,” presented an optimization routine to optimize energy output adjusting
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the onset of backtracking [9]. The research conducted in these theses developed a solid foundation
for the power prediction and backtracking models but could not be fully validated with in-field testing
because of the Coronavirus Disease 2019 (COVID-19) pandemic.
In addition to graduate research, there have been multiple Summer Undergraduate
Research Program (SURP) projects focused on interrow shading and power prediction models,
including “MATLAB Model of the Gold Tree Solar Array,” completed by Shea Charkowsky [10];
“Development of a Multidisciplinary Renewable Energy Laboratory for Research and Education,”
completed by Huy Anh Duong and Trent Hamilton [11]; and “Gold Tree Power Optimization,”
completed by Sophie Getty and Ryan Dubois [12].
1.5 Definitions of Terms
The following terms will show up frequently throughout this paper and are consistent with industry
terminology:
•

String – Solar cells in series (See Figure 1.4).

•

Module – Full panel of 60 or 72 solar cells in series (See Figure 1.4).

•

Array – Modules in series (See Figure 1.4).

•

Substring – Cells in series connected to a single diode (See Figure 1.4).

Figure 1.4 Configuration of a typical solar PV array. In this figure, there are 3
modules making up the array. The string consists of 180 cells, assuming 60-cell
modules. Each substring is connected to a single diode and consists of 20 cells.

5

•

Soiling – Dust, debris, or any other material collecting on the surface of a solar panel and
contributing to overall power loss.

•

MPPT Algorithm – Samples the power output of the solar array and applies an appropriate
resistance (i.e., load) to obtain maximum power [4].

•

Backtracking – Control algorithm that minimizes interrow shading by adjusting the angle
of the module.

•

Optimization – Maximizing solar PV module power output.

•

Irradiance – Power of sunlight incident on a surface per unit area. Usually measured in
W/m2 [4].

•

Full-Cut – Made with 60 or 72 solar cells in series (See Figure 1.5).

•

Half-Cut – Made with two sets of 60 or 72 solar cells in series. The two halves are
connected in parallel (See Figure 1.5).

Figure 1.5 Half-cut module (left) and full-cut module (right).
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Chapter 2
GOLD TREE SOLAR FARM AND GREEN POWER MONITOR
The Gold Tree Solar Farm, designed by REC Solar, has a rated output power of 4.5 MW
and began operation in May 2018 to provide approximately 25% of the electricity need for the Cal
Poly campus.
2.1 Layout of The Gold Tree Solar Farm
The field is divided into tracking zones, shown in Figure 2.1. The farm utilizes horizontal
single axis DuraTrack HZ v3 trackers with a maximum row size of 80 modules and maximum linked
row size of 28 rows [13]. The rows of modules are oriented north-south and face east in the morning
when the sun rises and west in the afternoon when the sun sets. Each zone is controlled by its own
tracker, which allows the solar farm operator to adjust tracker settings and maximize energy output.
The zones analyzed in this paper are X4 (half-cut modules) and Z1 (full-cut modules).

Figure 2.1 Layout of the Gold Tree Solar Farm with labeled tracker zones.
2.2 Modules
Trina Solar Tallmax Plus 72-cell full-cut monocrystalline modules with a 345-watt (W)
power output and 19.3% efficiency are installed at the Gold Tree Solar Farm [14]. REC Twinpeak
7

2S 72 Series half-cut polycrystalline modules with a 345W power output and 17.7% efficiency are
also installed [15]. The diversity of solar modules gives student and faculty the opportunity to
compare the two technologies (i.e., half-cut vs. full-cut or monocrystalline vs. polycrystalline cells)
when completing research projects.
2.3 Inverters
The inverters used to covert the PV DC power into AC power are Yaskawa PVI60TL-480
three-phase transformer-less commercial string inverters [16]. Each inverter is capable of
60 kilowatts (kW) or 20kW per maximum power point tracking (MPPT) input. A total of 19 modules
are connected in series to form an array and three arrays are connected in parallel to make up a
single MPPT input. In Figure 2.2, Input 1 experiences partial shading and results in a reduced
operating power compared to the other two input modules that are not shaded. Less energy is lost
when the inverter utilizes multiple MPPT inputs. Enlarged current-voltage (IV) and power-voltage
(PV) curves of a partially shaded and unshaded input are shown in Figure 2.3.

Figure 2.2 Example of inverter MPPT input module configuration. The first input
experiences partial shading, which decreases the maximum power point shown in
the plot to the right.
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(a)

(b)

Figure 2.3 Example of IV and PV curves produced by a section of modules
connected to a single MPPT input. (a) Shaded MPPT input IV and PV curve. (b)
Unshaded MPPT input IV and PV curve.
2.4 Green Power Monitor (GPM)
The GPM database shown in Figure 2.4 was used to pull data from the Gold Tree Solar
Farm. The plant dashboard displays daily energy, power, irradiance, and performance ratio. For
more detailed information, a query must be made.

Figure 2.4 GPM dashboard.
On the selection bar to the left, there is an option to create a custom query. The process for
collecting the data needed for this analysis is shown in Figure 2.5. Daily, weekly, or monthly data
can be downloaded in a table or shown in chart format.
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Parameter - DC
Current Input #
Element Type Inverter

Element - Inverter #

Plant Parameter Plant Power or
Energy

Query

Parameter - DC
Voltage Input #

Plant Parameter Irradiance (Tilted or
Horizontal)

Element Type -Plant
Parameters

Plant Parameter Temperature
(Ambient or Panel)
Plant Parameter Plant Wind

Element Type Weather Station
(LUFFT WSx UMB)

Element - DL2

Parameter - Wind
Direction

Figure 2.5 Process for creating a query and collecting data used in analysis.
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Chapter 3
PVLIB
All module power calculations came from Sandia National Laboratory’s PV Performance
Modeling Collaborative PV_LIB Toolbox for MATLAB [17]. The power subroutine and point-in-time
power routine use pvl_calcparams_PVsyst.mat and pvl_singlediode.mat to develop the currentvoltage (IV) and power-voltage (PV) curves for individual panels, which are then scaled up to
represent a specific section of the field and sometimes modified if partial shading occurs.
3.1 MATLAB Function pvl_calcparams_PVsyst.mat
The purpose of the pvl_calcparams_PVsyst.mat function is to calculate parameters used
in the calculation of current and voltage for the development of IV and PV curves [17]. The inputs
are effective irradiance in 𝑊/𝑚2, cell temperature in ℃, short-circuit current temperature coefficient
of the module in 𝐴/℃, and various module parameters at reference conditions, including ideality
factor, temperature dependence of gamma in 1/℃, light-generated current in 𝐴, diode reverse
saturation current in 𝐴, shunt resistance in Ω, exponential factor defining decrease in shunt
resistance with increasing effective irradiance, series resistance in Ω, and energy bandgap in 𝑒𝑉.
The outputs at the specified irradiance and cell temperature are light-generated current in 𝐴, diode
saturation current in 𝐴, series resistance in Ω, shunt resistance in Ω, and modified diode ideality
factor.
3.2 MATLAB Function pvl_singlediode.mat
The purpose of pvl_singlediode.mat function is to calculate current values using the single
diode equation in terms of the Lambert W function (3.1) for a range of voltages [18].

𝐼 = 𝐼𝐿 − 𝐼𝑜 (exp (

𝑉 + 𝐼𝑅𝑠
𝑉 + 𝐼𝑅𝑠
) − 1) −
𝑛𝑁𝑠 𝑉𝑡ℎ
𝑅𝑠ℎ

(3.1)

The inputs of this function are the outputs of pvl_calcparams_PVsyst.mat, including light-generated
current in 𝐴, diode saturation current in 𝐴, series resistance in Ω, shunt resistance in Ω, and modified
diode ideality factor. The outputs of this function are the module’s short-circuit current in 𝐴, open-
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circuit voltage in 𝑉, maximum power current in 𝐴, maximum power voltage in 𝑉, maximum power
in 𝑊, and an array of voltages in 𝑉 with the corresponding currents in 𝐼.
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Chapter 4
TEMPERATURE
A PV cell transforms less than 20% of absorbed solar irradiance into electrical power, and
the balance is converted into thermal energy [19]. The thermal energy increases cell temperature,
which decreases the open-circuit voltage, 𝑉𝑂𝐶 , and slightly increases the short-circuit current, 𝐼𝑠𝑐 ,
due to the increase in resistivity of the wires. The effect of temperature on the IV curve is shown in
Figure 4.1. Overall power is decreased because the operating maximum power point is moved with
change in 𝑉𝑂𝐶 . It is important to accurately model the effects of temperature to calculate the total
conversion efficiency loss of the panel.

Figure 4.1 IV curves of solar PV module with varying cell temperatures.
4.1 Cell Temperature Models
Popular correlations generally calculate cell temperature as a function of ambient
temperature, irradiance, wind speed, and cell properties. Seven models were analyzed in this
report: Standard, Skoplaki 1, Skoplaki 2, Koehl, Mattei 1, Mattei 2, and Kurtz [20].
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4.1.1 Standard Model
The Standard model uses the nominal operating cell temperature (NOCT) formula, and the
inputs are irradiance and ambient temperature. The cell temperature using the Standard model is
calculated using the following equation,
𝑇𝑐 = 𝑇𝑎 + 𝐼

𝐼
𝑁𝑂𝐶𝑇

(𝑇𝑐,𝑁𝑂𝐶𝑇 − 𝑇𝑎,𝑁𝑂𝐶𝑇 ),

(4.1)

where 𝑇𝑎 is ambient temperature, 𝐼 is the measured irradiance, 𝐼𝑁𝑂𝐶𝑇 is the plane of array (POA)
irradiance under NOCT conditions (i.e., 800 𝑊/𝑚2), 𝑇𝑐,𝑁𝑂𝐶𝑇 is nominal operating cell temperature
listed in the module specifications, and 𝑇𝑎,𝑁𝑂𝐶𝑡 is the ambient temperature under NOCT conditions
(i.e., 20℃ and 1 𝑚/𝑠). The standard approach does not account for fluctuation in wind speed, which
can significantly change the operating temperature of a module.
4.1.2 Skoplaki Model
The Skoplaki model considers irradiance, ambient temperature, wind speed, and cell
properties. The cell temperature using the Skoplaki model is calculated using the following
equation,
𝑇𝑐 = 𝑇𝑎 + 𝐼

𝐼
𝑁𝑂𝐶𝑇

(𝑇𝑐,𝑁𝑂𝐶𝑇 − 𝑇𝑎,𝑁𝑂𝐶𝑇 )

ℎ𝑤,𝑁𝑂𝑇𝐶
ℎ𝑤

(1 −

𝜂𝑆𝑇𝐶
𝜏𝛼

(1 − 𝛽𝑆𝑇𝐶 𝑇𝑆𝑇𝐶 )),

(4.2)

where ℎ𝑤,𝑁𝑂𝑇𝐶 is the wind convection coefficient under NOCT conditions, ℎ𝑤 is the convection
coefficient under operating conditions, 𝜂𝑆𝑇𝐶 is the efficiency of the module under standard operating
conditions (STC), 𝑇𝑆𝑇𝐶 is the temperature under STC (i.e., 25℃), 𝛽𝑆𝑇𝐶 is the temperature coefficient
under STC, 𝜏 is the transmittance of the cover, and 𝛼 is the absorbance of the cells. The value 0.9
was used for 𝜏𝛼 in the analysis [20].
The convection coefficient under operating conditions, ℎ𝑤 , can be calculated using two
different methods. The first equation is a linear function of wind speed, 𝑉𝑓 , measured 10 𝑚 above
the ground,
ℎ𝑤 = 8.91 + 2𝑉𝑓 (Skoplaki 1).

14

(4.3)

The second equation for the convection coefficient under operating conditions is a linear function
of local wind speed, 𝑉𝑤 , close to the module,
ℎ𝑤 = 5.7 + 2.8𝑉𝑤 (Skoplaki 2).

(4.4)

4.1.3 Koehl Model
The Koehl empirical model considers ambient temperature, irradiance, and wind speed.
The cell temperature using the Koehl approach is calculated using the following equation,
𝑇𝑐 = 𝑇𝑎 + 𝑈

𝐼

𝑜 𝑈1𝑉𝑤

(4.5)

,

where 𝑈𝑜 and 𝑈1 are constants dependent on the PV technology. These values are specified by
Koehl in Table 4.1.
Table 4.1 Characteristics of PV technologies [20].

4.1.4 Mattei Model
The Mattei model was used in previous research for the Gold Tree Solar Farm [9]. The
equation is a function of ambient temperature, irradiance, and wind speed. However, wind speed
is not a direct input and is instead used to find the heat exchange coefficient. The cell temperature
using the Mattei approach is calculated using the following equation,
𝑇𝑐 =

𝑈𝑃𝑉 𝑇𝑎 +𝐼(𝜏𝛼−𝜂𝑆𝑇𝐶 (1−𝛽𝑆𝑇𝐶 𝑇𝑆𝑇𝐶 ))
𝑈𝑃𝑉 𝛽𝑆𝑇𝐶 𝜂𝑆𝑇𝐶 𝐼

,

(4.6)

where 𝑈𝑃𝑉 is the heat exchange coefficient and was calculated using wind data collected from the
Gold Tree Solar Farm. The heat exchange coefficient is calculated using the equation,
𝑈𝑃𝑉 = 𝑏 + 𝑎𝑉𝑤 (Mattei 1),
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(4.7)

where 𝑏 and 𝑎 are coefficients specific to the field and are calculated in Section 4.3. These
coefficients were compared to the defined Mattei coefficients used in previous research,
𝑈𝑃𝑉 = 26.6 + 2.3𝑉𝑤 (Mattei 2).

(4.8)

4.1.5 Kurtz Model
The Kurtz model considers ambient temperature, irradiance, and wind speed. The cell
temperature using the Kurtz approach is calculated using the following equation,
𝑇𝑐 = 𝑇𝑎 + 𝐼𝑒 −𝑐−𝑑𝑉𝑤 ,

(4.9)

where 𝑐 and 𝑑 are coefficients specific to the field and are calculated in Section 4.4.
A study conducted at a large PV power plant in Italy concluded that the Mattei model
produced the best cell temperature result for silicon technologies using numerical weather
prediction data such as typical meteorological year (TMY) data.
4.2 Temperature, Irradiance, and Wind Data Collection
The module cell and ambient temperature were collected using two different methods:
(1) attaching thermocouples to the back of seven full-cut modules and averaging the results and
(2) extracting the temperature from the GPM database from the back-of-the-module (BOM) sensor.
The seven thermocouples were attached to modules connected to Inverter 52 – a section of the
field that does not experience partial shading. An additional thermocouple was left in the open air
to collect local ambient temperature close to the instrumented module. All temperature
measurements used in the analysis were taken from data collected October 1, 2021, which was
considered a clear day. The BOM sensor is mounted on the back of the first row farthest west and
toward the middle of the field. Irradiance and wind data were taken from the GPM database.
4.3 Mattei Heat Transfer Coefficient Calculation
The convection coefficients used in the Mattei approach for wind coming from the north,
east, south, and west directions were calculated using seven months of temperature data extracted
from the GPM database. Each correlation produces an ambient temperature within 2% of the
measured temperature. When the plots are split by wind direction, there is a better correlation
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between the heat transfer coefficient and wind speed. The linear correlation for each direction was
used in the MATLAB temperature model for Mattei provided in Appendix B and are shown in
Figures 4.2 to 4.5. There is a minimum irradiance threshold of 500 𝑊/𝑚2.
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Figure 4.2 Convection coefficient for wind from the north.
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Figure 4.3 Convection coefficient for wind from the east.
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Figure 4.4 Convection coefficient for wind from the south.
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Figure 4.5 Convection coefficient for wind from the west.
4.4 Kurtz Wind Coefficients
The theory behind the Kurtz method is the Arrhenius equation, which is used to calculate
the rate of aging,
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𝑅𝑎𝑡𝑒 ∝ exp (

−𝐸𝑎
),
𝑘𝑇

(4.10)

where 𝐸𝑎 is the effective activation energy of the aging process, 𝑘 is Boltzmann’s constant, and
𝑇 is the temperature of the panel [21]. To calculate the coefficients used in the Kurtz equation (4.9),
data were taken from GPM including BOM and ambient temperature, wind speed, and irradiance.
The coefficients are slope and y-intercept in the linear relationship shown in Figure 4.6 [22].
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Figure 4.6 Experimentally determined relationship for cell temperature of collected
from a hot clear day in June 2021.
The final Kurtz equation used in analysis is,

𝑇𝑐 = 𝑇𝑎 + 𝐼𝑒 −3.3733−0.0963𝑉𝑤 ,

(4.11)

4.5 Results
The purpose of the temperature study was to find the best method for calculating cell
temperature using the seven models discussed in Section 4.1. The ambient temperature, wind
speed, and irradiance values used in these calculations were taken from the GPM database. The
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cell temperature models were compared to the measured thermocouple value for accuracy and all
MATLAB temperature functions are included in Appendix B.
There was a large difference in ambient temperature collected from a thermocouple and
ambient temperature from the GPM database. The measured ambient temperatures and the GPM
ambient temperature over the span of a clear day are shown in Figure 4.7. The thermocouple
ambient temperature is almost 10℃ higher in the middle of the day than temperature in the GPM
database. This could be attributed to heat radiating between the rows of solar PV modules and less
wind reaching the middle rows compared to the ambient temperature sensor located at the edge
of the field.

Figure 4.7 Comparison of ambient temperature collected October 2021, using a
thermocouple and the GPM sensor.
Seven thermocouples were taped to the back of Inverter 52 modules on the same clear
day to measure cell temperature. These measurements were averaged and plotted against the
GPM BOM sensor data shown in Figure 4.8. There was a similar trend in the middle of the day
where the GPM BOM sensor produced a lower cell temperature. Again, a high ambient temperature
in the middle of the rows and less convection could explain this significant difference.
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Figure 4.8 Comparison of cell temperature collected October 2021, using
thermocouples and the GPM sensor.
All the models described in Section 4.1 were plotted through MATLAB and compared in Figure 4.9.

Figure 4.9 Comparison of cell temperature model calculations using GPM data
collected October 2021.
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The Mattei 1 model that used Gold Tree Solar Farm heat exchange coefficients was
compared to Mattei 2 that used general coefficients listed in literature [20]. These were both
compared to measured values in Figure 4.10. The Mattei 1 model underpredicted cell temperature
compared to the Mattei 2 model. This was unexpected but could be attributed to unusual wind
speeds/direction on the day the data were collected.

Figure 4.10 Comparison of Mattei 1 with the heat transfer coefficients specific to
the field, Mattei 2 used in previous research, and measured cell temperature from
the thermocouples.
The accuracy of the models to the true measured value is shown in Table 4.2. All cell
temperatures before sunrise and after sunset were not considered in analysis. The Mattei 1 model
with the heat exchange coefficients specific to the field was expected to produce a cell temperature
closest to measured. However, the Kurtz method produced cell temperatures closest to those
measured with a difference of 1.96%. The GPM produced a difference of 4.1% from measured.
The Kurtz method will be used in the point-in-time power code.

Table 4.2 Accuracy of model compared to measured GPM values starting from sunrise to
sunset.
Model

% Difference from Measured

Koehl

17.57

Kurtz

1.96
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Mattei 1

7.16

Mattei 2

5.27

Skoplaki 1

2.75

Skoplaki 2

3.24

Standard Approach`

2.14
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Chapter 5
DEGRADATION AND SOILING
The degradation rate of a solar panel depends on manufacturer, climate, mounting, failure
modes, and model [23]. Frequent partial shading, which results in thermal cycling, contributes to
accelerated module degradation [24]. In this chapter, plant degradation in %/year was calculated
using data from GPM with the assumptions that degradation is linear over time and half-cut and
full-cut modules degrade at the same rate. The Norris-Landzberg [25] approach was used to
challenge these assumptions. Throughout degradation analysis, performance loss from soiling is
assumed to be constant.
5.1 Plant Degradation
The degradation rate of the Gold Tree Solar Farm was calculated by comparing the
correlation between irradiance and power output in 2018 when the field first began operation and
the correlation between irradiance and power output in 2021, shown in Figures 5.1 and 5.2,
respectively.
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Figure 5.1 Correlation between plant power and POA irradiance with data
collected from GPM in 2018.
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Figure 5.2 Correlation between plant power and POA irradiance with data
collected from GPM in 2021.
The degradation rate for Trina and REC during the first year of operation was reported by
the manufacturers to be 3% [26], but the data taken from the Gold Tree Solar Farm shows a rate
of about 4.5% for the first year. Solar module warranties often allow higher degradation the first
year of operation (i.e., 1% to 3%) because of the high rate in the first few hours of operation due to
light-induced degradation in crystalline modules. The degradation over a span of three years at the
solar farm is estimated to be 7%. The power output for different POA irradiance values over the
span of three years is shown in Table 5.1. A value of 4.5% for the first year of operation and 0.83%
for each year after was used in the power model to represent the farm more accurately with an
accelerated degradation rate due to partial shading.

Table 5.1 Total plant power produced by the Gold Tree Solar Farm with varying POA irradiance.
Irradiance (𝑾/
𝒎𝟐 )

2018 Power
(𝒌𝑾)

2019 Power
(𝒌𝑾)

2020 Power
(𝒌𝑾)

2021 Power
(𝒌𝑾)

100
200
300
400

509
1026
1543
2060

486
980
1473
1967

483
977
1471
1964

471
952
1433
1914

500
600
700

2577
3093
3610

2460
2954
3448

2458
2952
3445

2395
2876
3357

25

800
900
1000

4127
4644
5160

3941
4435
4928

3939
4432
4926

3838
4319
4800

5.2 Seasonal Degradation of Full-Cut and Half-Cut Modules
Section 5.1 focused on total plant degradation and averaged the rate over the years the
Gold Tree Solar Farm had been in operation. There were a few assumptions made, including (1)
half-cut and full-cut modules degrade at the same rate and (2) degradation is linear and fluctuation
by environmental conditions can be neglected. To validate these assumptions, the degradation of
modules connected to Inverter 14 and Inverter 53 was calculated.
The degradation rate of unshaded full-cut modules connected to Inverter 53 was equated
to the change of performance factor over the span of 42 months – the amount of time the field has
been in operation. The performance factor was calculated by comparing the DC power from Input
1 of the inverter to the predicted power of the modules adjusted for measured POA irradiance. The
results are shown in Figure 5.3.
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Figure 5.3 Linear performance degradation of full-cut modules at the Gold Tree
Solar Farm over the span of 42 months.
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The same process was used to calculate degradation rate of half-cut modules connected
to Inverter 14 and the results are shown in Figure 5.4.
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Figure 5.4 Linear performance degradation of half-cut modules at the Gold Tree
Solar Farm over the span of 42 months.
The half-cut modules started operation at a higher performance factor than the full-cut
modules and degrade at a much slower rate per month. To determine why this occurs, the rate of
degradation was calculated using the Norris-Landzberg approach, which quantifies the effect
specific environmental conditions have on the module such as static module temperature, cyclic
temperature, UV radiation, and relative humidity. The rate of degradation was calculated using the
following equation,
−𝛽

𝑅𝑎𝑡𝑒(𝑇, ∆𝑇, 𝑈𝑉, 𝑅𝐻) = 𝛽0 × exp (𝑘 × 𝑇 1 ) × (∆𝑇𝑑𝑎𝑖𝑙𝑦 )𝛽2 × (𝑈𝑉𝑑𝑎𝑖𝑙𝑦 )𝛽3 × (𝑅𝐻𝑑𝑎𝑖𝑙𝑦 )𝛽4 ,

(5.1)

𝑚𝑎𝑥

where 𝑇 is the static module temperature in 𝐾, ∆𝑇 is the cyclic module temperature in 𝐾, 𝑈𝑉 is UV
radiation in 𝑊/𝑚 2, 𝑅𝐻 is the relative humidity in %, 𝑘 is Boltzmann constant in 𝑒𝑉/𝐾, 𝛽0 is the
frequency factor in 1/𝑠, 𝛽1 is the activation energy in 𝑒𝑉, 𝛽2 is the effect of cyclic temperature, 𝛽3 is
the effect of UV radiation, 𝛽4 is the effect of relative humidity. The coefficients 𝛽2 , 𝛽3 , and 𝛽4 were
calculated to match the rate of the two full-cut and half-cut sections of the field and are shown in
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Table 5.2. There were range limits for each coefficient defined in the Norris-Landzberg paper,
where 𝛽2 was between 2 and 5, 𝛽3 was between 0.6 and 1, and 𝛽4 was between 0 and 2 [25].
Table 5.2 Effect of environmental conditions such as temperature, radiation, and humidity on
half-cut and full-cut modules.
Environmental Factors

Full-Cut Module

Half-Cut Module

Effect of cyclic temperature, 𝛽2

3.22

2.66

Effect of UV radiation, 𝛽3

1.00

0.96

Effect of relative humidity, 𝛽4

2.00

1.98

The effect of cyclic temperature was significantly higher for full-cut modules than half-cut
modules. This could be attributed to partial shading, which results in temperature fluctuations and
usually only affects the bottom half of a half-cut module compared to the entirety of a full-cut
module.
The temperatures, relative humidity, and radiation values used in the Norris-Landzberg
approach were averaged over the month being studied in order to get a rate of degradation
influenced by the environmental conditions of that month. The results from the Norris-Landzberg
approach for the full-cut and half-cut modules were compared to the linear performance

Performance Factor (Pmax at STC)

degradation shown in Figure 5.5 and Figure 5.6, respectively.
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Figure 5.5 Degradation rate of full-cut modules modified to fit monthly
environmental conditions using the Norris-Landzberg approach and compared to
the linear performance degradation from earlier analysis.
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Figure 5.6 Degradation rate of half-cut modules modified to fit monthly
environmental conditions using the Norris-Landzberg approach and compared to
the linear performance degradation from earlier analysis.
The rate of degradation is higher in the summer months than the winter months because
of the higher temperatures, UV radiation, and relative humidity. These fluctuations were considered
negligible and closely follow the linear trend.
5.3 Soiling
Soiling is any debris covering the module surface, such as snow, dirt, dust, and other
particles. A study was completed in California to measure the power loss attributed to soiling and
over 200 sites were investigated, resulting in an annual loss of 1.5% to 6.2%. Specific soiling values
used for analysis are discussed in Section 7.1.2.
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Chapter 6
LABORATORY TESTING
The goal of laboratory testing was to validate assumptions made in the development of the
point-in-time power routine and provide a foundation for calculations of voltage, current, and power
when a full-cut or half-cut module is partially shaded. There were many benefits to small-scale
testing before transitioning to field testing, including establishing procedure, testing sensors, and
connecting theory to measured results.
6.1 Testing Equipment
The equipment used in laboratory testing included a full-cut Sunmodule Plus SWA 295
Mono Series module [27], two half-cut REC TwinPeak 2 Mono Series modules [28], two Enphase
IQ 7 microinverters [29], a Enphase IQ 7X microinverter [30], four 50 Ah/24 V LIFEPO4 batteries, a
MagnaSine Magnum Energy inverter/charger [31], a Solar-100 solar power meter [32], a Fluke 62
Max IR thermometer [33], a Powerwerx precision watt meter and power analyzer [34], a Benetech
GM816 anemometer [35], a Johnson 40-6060 level [36], polyimide high-temperature masking tape
[37], and a Solmetric PVA-600 PV analyzer [38]. The modules, Enphase system, and batteries
used in laboratory testing are shown in Figure 6.1.

Figure 6.1 Laboratory equipment and modules.
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6.2 Enphase Microinverters
The Enphase microinverter converts the DC output of a PV module into AC power and
utilizes a maximum power point tracking algorithm to boost energy production [39]. The Envoy
system, shown in Figure 6.1, collects energy and performance data from the Enphase microinverter
and sends the data to Enlighten [39].
The Enlighten web-based monitoring and analysis software manages Enphase PV
systems and runs detailed performance analyses for the user. For example, the user can view the
energy production graphs for the PV system over the span of its lifetime, shown in Figure 6.2, or
view the energy production of individual panels, shown in Figure 6.3.

Figure 6.2 Lifetime energy production of the system. The microinverters were
connected early May, and summer testing was conducted mid-July through the
end of August. Demonstrations of the system occurred throughout September and
October.
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Figure 6.3 Energy production of laboratory modules. The 25.2 kWh panel is the
dual axis solar tracker not analyzed in this report. The 18.9 kWh and 17.8 kWh
panels are half-cut REC TwinPeak 2 Mono Series modules. The 22.2 kWh panel
is a full-cut Sunmodule Plus SWA 295 Mono Series module. The half- and full-cut
modules were set to arbitrary fixed angles during testing and do not reflect
maximum energy production.
6.3 Diode Activation Testing
A PV cell has an open-circuit voltage between 0.5 and 0.6 𝑉 and produces a current
proportional to the level of irradiation hitting the area of the cell surface. Bypass diodes are placed
in parallel with a PV cell or a string of cells, typically 20 cells in a 60-cell module or 24 cells in a 72cell module. A bypass diode’s primary function is to prevent the hot-spot phenomena, which can
severely damage PV modules. Hot spotting occurs when irradiation is non-uniform, and a large
amount of energy is dissipated in the shaded cell while it behaves like an internal resistive load
[24]. The bypass diode is reverse biased until the solar module is partially shaded. Under partially
shaded conditions, the bypass diode becomes forward biased and reroutes the current, shown in
Figure 6.4.

32

Figure 6.4 Example of diode rerouting current when cell becomes shaded. The
diode is activated and the substring essentially “turns off” [40].
The moment a PV cell becomes an energy consumer instead of producer depends on the
type of cell and bypass diode. It is estimated that this change occurs when there is a 20% to 25%
difference between light hitting the unshaded cells compared to the partially shaded cell [41] [42].
One of the goals of laboratory testing was to measure the amount of shaded cell area coverage
required to turn the diode on to see if the percentage was consistent.
Testing was completed on a single panel at a time. The panel was fixed at an arbitrary
angle with an irradiance value between 800 and 1000 𝑊/𝑚 2. The average ambient temperature
was between 70 and 80℉ and the average wind speed was between 0 and 6 𝑚𝑝ℎ. The bottom two
cells of each substring were split into 10 sections for incremental shading. The Powerwerx precision
power analyzer was connected to the panel for live data collection. The unshaded voltage, current,
and power values (considered maximum) were recorded before the shaded values were measured
to account for irradiation and environmental changes. At least two trails were run for each substring
shaded. Only the bottom row of cells was shaded when partially shading a substring.
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6.3.1 PV and IV Curves using Solmetric PVA-600 PV Analyzer
The Solmetric PVA-600 PV analyzer was connected to the laboratory solar panels to view
the IV and PV curves live. These curves produced a visual representation of voltage and current
when full-cut modules, shown in Figure 6.5, and half-cut modules, shown in Figure 6.6, are partially
shaded.

(a)

(b)

(c)

Figure 6.5 Full-cut module IV (red) and PV (blue) curves. (a) No shade. (b) One substring
shaded. Current remains at operational maximum and voltage is reduced by 1/3. (c) Two
substrings shaded. Current remains at operational maximum and voltage is reduced by 2/3.
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(a)

(b)

(c)

Figure 6.6 Half-cut module IV (red) and PV (blue) curves. (a) One substring shaded. Global
maximum occurs when voltage is reduced by 1/3 and current is at operational maximum. (b) Two
substrings shaded. Global maximum is reached when current is reduced by 1/2 and voltage
remains at operational maximum. (c) Three substrings shaded. Maximum power is reached
when current is reduced by 1/2 and voltage remains at operational maximum.
6.3.2 Trina Full-Cut Module Results
When the bottom cells of a full-cut module substring are first shaded, the current decreases
linearly with the amount of cell area covered. The diode activates when the cell is partially shaded,
shown in Figure 6.7. The current is restored to its operational maximum, and voltage is reduced by
1/3. Ideally, the diode would consistently activate at the same percentage of cell area shaded.
However, this was not the case during testing. Occasionally, the current would continue to decrease
linearly past 50% area covered before the diode activated, dropped voltage, and restored current.
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Figure 6.7 Testing data of a full-cut module with bottom cells of one substring
shaded. The diode activated at 50% substring area covered. The power reduced
to 2/3 the maximum.
When the bottom cells of two substrings are fully shaded, two bypass diodes activate, and
voltage is reduced by 2/3. The current remains at its maximum operating value. It was predicted
that shading two substrings would behave similarly to shading one substring in that the current
would decrease linearly until the bypass diodes activated. However, in Figure 6.8, the current
decreased linearly until the bottom cells were fully shaded and power reduced completely. The
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diodes did not activate during both trials.
100
90
80
70
60
50
40
30
20
10
0
0

10

20

30

40

50

60

70

80

90

100

% Bottom Cell Area of Substring Covered
Trial 1

Trial 2

Figure 6.8 Testing data of a full-cut module with bottom cells of two substrings
shaded.
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When the bottom cells of three substrings are fully shaded, the power reduced linearly until
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0% maximum power, as shown in Figure 6.9.
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Figure 6.9 Testing data of a full-cut module with bottom cells of three substrings
shaded.
6.3.3 REC Half-Cut Module Results
Half-cut modules have an advantage over full-cut modules under partially shaded
conditions. A half-cut module’s IV and PV curves have both a local and global maximum when half
of the module is partially shaded. An inverter with MPPT functionality performs periodic sweeps
across the range of current voltage levels to keep power at the global maximum. This is discussed
thoroughly in Chapter 7.
For a half-cut module with one substring shaded, the first global maximum power point is
produced when the bypass diode turns on, voltage is reduced by 1/3, and current remains at the
operational maximum. The second local maximum power point is produced when current is
reduced by 1/2 and voltage remains at the operational maximum. The Enphase microinverter
maintained half-cut module power at the global maximum shown in Figure 6.10.
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Figure 6.10 Testing data of a half-cut module with one substring shaded.
For a half-cut module with two substrings covered, the first local maximum power point is
produced when the bypass diodes turn on, voltage is reduced by 2/3, and current remains at
operational maximum. The second global maximum power point is produced when current is
reduced by 1/2 and voltage remains at operational maximum. The Enphase microinverter
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maintained half-cut module power at the global maximum shown in Figure 6.11.
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Figure 6.11 Testing data of a half-cut module with two substrings shaded.
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For a half-cut module with three substrings covered, the current decreases linearly until
1/2 of the operational maximum current is reached and voltage remains constant. The half-cut
module tested maintained 1/2 maximum power after full coverage shown in Figure 6.12. This
module had a significant power advantage over the full-cut module that produced no power when
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all three substrings were shaded.
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Figure 6.12 Testing data of a half-cut module with three substrings shaded.
6.4 Conclusions of Laboratory Testing
It was difficult to obtain a percentage of substring cell area shaded in which the diode
turned on consistently. Based on this testing, the power prediction models developed in Chapter 7
utilize the literature values of 20% to 25% cell area coverage. However, this linear decrease in
power when only a single cell is being shaded is unlikely to produce a visible power difference in a
large utility field. It is more realistic to assume a substring turns “on” and “off,” which is also explored
in Chapter 7 and compared to the linear method. The IV and PV curves from the Solmetric PVA600 PV Analyzer helped develop the fundamental voltage, current, and maximum power point
calculations for the power prediction model.
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Chapter 7
Model Validation and Testing
A previous thesis, by Logan Smith, concluded modeling power output at a point in time was
difficult to validate due to uncertainties in some of the instantaneous data collection process, but
modelling the power output of an inverter over a day decreased this overall sensitivity [9]. The
optimization routine and power subroutine analyzed in this previous thesis accurately represented
power output when the panel was backtracking, but the model overpredicted power in the middle
of the day.
7.1 Power Model Validation
The purpose of the point-in-time power routine for both half-cut and full-cut modules in an
array was to test different temperature and degradation models using experimental data to
accurately predict power in the middle of the day. All MATLAB code for the point-in-time power
routine is included in Appendix A.
7.1.1 Inputs
The inputs for the point-in-time power routine are plane of array (POA) irradiance in 𝑊/𝑚 2,
ambient temperature in ℃, wind speed in 𝑚/𝑠, number of years the module has been in operation,
starting length of the shade profile in 𝑚, ending length of the shade profile in 𝑚, starting height of
the shade profile in 𝑚, ending height of the shade profile in 𝑚, number of modules in series for one
MPPT input, and number of modules in parallel for one MPPT input.
7.1.2 Degradation and Soiling
The point-in-time power routine uses an initial degradation of 4.5% for the first year and
0.83% every year after to simplify the model and avoid calculating degradation rate by section. For
each routine, the performance loss attributed to soiling was adjusted until the unshaded row power
measurements were within 3% of the model. Soiling for the full-cut point-in-time power routine was
5% and 6% for the half-cut routine.
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7.1.3 Temperature
The Kurtz method discussed in Chapter 6 was used to calculate cell temperature in the
MATLAB power model. To validate the model with field testing data, cell temperature from the
model was compared to the cell temperature measured with an infrared (IR) thermometer and GPM
cell temperature from the back of the module sensor, shown in Table 7.1. The cell temperature
from the model is at least ±1℃ from a measured cell temperature value.
Table 7.1 Comparison of measured and modelled cell temperature taken from Inverter 53 in
August 2021.
Cell Temperature

Cell Temperature

Cell

Measured with IR

Collected from GPM BOM

Temperature

Thermometer (℃)

Sensor (℃)

from Model (℃)

42

42

41

4:54 PM

40

38

39

5:00 PM

39

38

39

5:09 PM

39

37

37

5:18 PM

37

35

36

5:27 PM

36

35

34

Time
4:47 PM

7.1.4 Maximum Power Point Tracking
Maximum Power Point Tracking (MPPT) is an algorithm used in controller designs and
implemented in inverters to maximize the power output of a solar PV array by adjusting the
impedance of the system. The three most common algorithms are (1) Perturbation and Observation
(P&O), (2) Incremental Conductance, and (3) Fractional Open-Circuit Voltage [43].
The P&O algorithm is often implemented because of its simplicity of design. The P&O
algorithm perturbs the operating point of a PV array and compares the power before and after the
perturbation, shown in Figure 7.1. The perturbation is caused by an increase or decrease in the
operating voltage of the converter depending on power output. There are a couple disadvantages
to implementing this algorithm, including system energy loss because the operating point is
consistently oscillating around the maximum power operating point. To minimize energy losses,
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the step size can be reduced, but then the algorithm is slow to respond to changing operating
conditions like a drop in irradiation caused by partial shading.

Figure 7.1 P&O algorithm used to calculate the maximum power point by altering
operating voltage.
The point-in-time power routine does not use an MPPT algorithm but instead calculates
the maximum value on a modified PV curve. The code first calculates current and voltage values
of the module using two PVLIB functions (pvl_singlediode.m and pvl_calcparams_PVsyst.m)
discussed in Chapter 4. If there is no shading, the operating point is the maximum power value on
the PV curve. If there is shading, the voltage and current of the system are adjusted depending on
module technology (i.e., half-cut vs. full-cut module) and the configuration of the array.
7.2 Full-Cut Module Power Model Results
The calculation for maximum power point of a full-cut module during partial shading is
similar to what the modules experienced during testing in the laboratory. The MATLAB point-intime power routine reduces the total array voltage by 0.7V for every substring that is partially
shaded to account for the bypass diode reverse voltage, regardless of how much the bottom cell is
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covered. The charge controller prevents the voltage by dropping by 1/3𝑉𝑜𝑐 for every substring
shaded. The current remains at the operational maximum.
To validate the point-in-time power code calculation for a partially shaded full-cut module,
data were collected from the Gold Tree Solar Farm in July and August during the afternoons when
the sun was setting and POA irradiance was decreasing. Inverter 53 was chosen as the test site
because one of the three rows experienced harsh shading during the time data were collected,
shown in Figure 7.2. The length and height of the shade profile were measured and voltage, current,
and power from the inverter were recoded. Ambient temperature, wind speed, and POA irradiance
were taken from GPM.

Figure 7.2 Partially shaded full-cut modules connected to Inverter 53 at the Gold
Tree Solar Farm.
The results of testing are shown in Table 7.2. The maximum power point calculated by the
point-in-time power routine was within 8% of the measured value. An example of the IV and PV
curves produced by the full-cut power model is shown in Figure 7.3.
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Table 7.2 Comparison of measured power and power output of model for a single input of
Inverter 53 collected in July and August 2021.
% Difference
Height of

Length of

Measured

Model

Measured from

Time

Shade (m)

Shade (m)

Power (W)

Power (W)

Model

4:36 PM

0.02

1

19184

20698

+7.9

4:41 PM

0.03

2

18991

20059

+5.6

4:47 PM

0.05

4

18179

19128

+5.2

4:54 PM

0.08

7

17558

18084

+3.0

5:00 PM

0.11

10

16955

17330

+2.2

5:09 PM

0.14

13

16063

15883

-1.1

5:18 PM

0.18

15

15041

14875

-1.1

5:27 PM

0.22

16

13941

13667

-2.0

Figure 7.3 IV and PV curve of the shaded row of Inverter 53. The voltage is reduced
when the diodes activate. The unshaded curves are compared to the IV and PV
curve with no shade. There are about 39 substrings shaded in this profile measured
at 5:09 PM.
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7.3 Half-Cut Module Power Model Results
The calculation for maximum power point of a full-cut module during partial shading is
similar to what the modules experienced during testing in the laboratory. The point-in-time power
routine runs through two different scenarios: (1) the diode activates, voltage is reduced, and current
remains at operational maximum or (2) the bottom half of the module produces no current and
voltage remains at operational maximum. Each scenario produces a maximum power point, and
the point-in-time power routine chooses the higher value of the two.
To validate the point-in-time power routine calculation for a partially shaded half-cut
module, data was collected from the Gold Tree Solar Farm in August during the mornings when
the sun was rising and POA irradiance was increasing. Inverter 14 was chosen as the test site
because one of the three rows experienced harsh shading during the time data were collected,
shown in Figure 7.4. The length and height of the shade profile were measured and voltage, current,
and power from the inverter were recoded. Ambient temperature, wind speed, and POA irradiance
were taken from GPM.

Figure 7.4 Partially shaded half-cut modules connected to Inverter 14 at the Gold
Tree Solar Farm.
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The results of testing are shown in Table 7.3. The maximum power point calculated by the
point-in-time power routine was within 7% of the measured value. An example of the IV and PV
curves produced by the half-cut power model is shown in Figure 7.5.

Table 7.3 Comparison of measured power and power output of model for a single input of
Inverter 14 collected in August 2021.
Shade

Shade

Measured

Model

% Difference Model

Height (m)

Length (m)

Power (W)

Power (W)

from Measured

9:10 AM

0.62

46

11605

12005.8

+3.4

9:19 AM

0.55

43

12224

12984.8

+6.2

9:27 AM

0.50

41

12894

13520.9

+4.9

9:36 AM

0.47

39

13490

14223.8

+5.4

9:40 AM

0.43

37

13644

14741.9

+8.1

9:45 AM

0.36

36

14048

14896.7

+6.0

9:53 AM

0.35

34

14681

14900.1

+1.5

10:00 AM

0.31

32

14961

14892.1

-0.5

10:02 AM

0.29

30

15131

14892.0

-1.6

10:05 AM

0.29

29

15182

14791.8

-2.6

Time
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Figure 7.5 IV and PV curve of the shaded row of Inverter 14. The local maximum
assumes the diodes turn on and voltage is reduced. The global maximum assumes
the bottom half of the panel is not operating when shaded, and current is reduced.
These maximums are compared to the original unshaded IV and PV curve for the
row.
7.4 Modified Optimization Routine and Power Subroutine
Once the MATLAB power model was accurately predicting power under shaded and
unshaded conditions for both full-cut and half-cut sections, the optimization routine and power
subroutine were modified. The cell temperature calculation was modified in the power subroutine
to reflect the Kurtz method. A degradation section was also added in the optimization routine with
the calculated rates from the Gold Tree Solar Farm. The optimization routine code was run for
December 15, 2020, which was considered a clear day. The inverters did not clip the power of Z1
during this day because the maximum power was never reached. The modelled power output with
the modified cell temperature and degradation sections better fits the profile of GPM power output,
shown in Figure 7.6.
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Figure 7.6 Comparison between the original optimization model and power
subroutine, the modified model, and the power output from GPM for December 15,
2020. Soiling is consistent for each curve.
The total energy for the day is compared in Table 7.4. The original model was 13.8% higher than
the measured value while the modified model is 2.2% higher than measured.

Table 7.4 Comparison of Inverter 55 DC energy on December 15, 2020.
Original Model Energy

Modified Model Energy

(kWh)

(kWh)

283.7

254.6

GPM Energy (kWh)

249.1

Another comparison was done on November 15, 2020, which was also considered a clear
day. The energy results are shown in Table 7.5. The original model was 12.5% higher than the
measured value while the modified model is 1.0% higher than measured.

Table 7.5 Comparison of Inverter 55 DC energy on November 15, 2020.
Original Model Energy

Modified Model Energy

(kWh)

(kWh)

336.7

302.3
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GPM Energy (kWh)

299.3

Chapter 9
CONCLUSION AND FUTURE WORK
8.1 Conclusion
The power subroutine’s underprediction in the middle of the day was corrected by (1) a
more accurate cell temperature model, (2) a degradation rate that matched the accelerated rate
from the field due to partial shading, and (3) a modified performance loss resulting from soiling.
Various models were tested with a MATLAB point-in-time routine with which field data was
compared with the predictions. The power prediction part of the model was developed based on
laboratory testing. In the model, any partial shading activated a diode, and the voltage and current
were adjusted accordingly depending on PV technology type. Energy yield prediction from the
model was within 3% of the measured value from GPM, which is consistent with other energy yield
prediction programs available in industry today. An accurate power prediction model will aid in
future optimization projects to increase energy output of the Gold Tree Solar Farm.
8.2 Future Work
Optimization. In the future, a 3D model should be built of the Gold Tree Solar Farm with
detailed topography, so the coordinates of all horizontal axis tracking tubes are known. This model
could be used to continue Logan Smith’s work and optimize the entire solar field for REC Solar.
The goal would be to get optimized tube spacing values for each zone that could be modified every
month in the backtracking control algorithm. This would reduce interrow shading and maximize
power production of the field.
Degradation. Degradation could be further investigated. The field was not cleaned during
the first year of operation, so it is unclear whether that 4.5% performance loss in the first year was
due to extreme soiling or degradation. The irradiance sensor in the front of the field used to collect
data on GPM also experiences soiling. The POA irradiance could have been higher for certain
power outputs but the sensor was reading lower because of excessive debris.
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Thermal cycling. Thermal cycling of the panels could also be further investigated. The
temperatures used in degradation analysis were the maximum and minimum cell temperature of
the panels during each month. However, it would be interesting to look at the temperature of the
panel only during the day when partial shading occurs. Data could be collected from the field
recording the back of the module temperatures where shade is occurring, where the diodes are
“on,” and where there is no shading, and the panel is operating normally.
Soiling. Research on soiling has been done previously for the Gold Tree Solar Farm.
Calculating the performance loss right after the panels are clean and during different seasons could
provide better power predictions.
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